Spectral information is commonly processed in the brain through generation of antagonistic responses to different wavelengths. In many species, these color opponent signals arise as early as photoreceptor terminals. Here, we measure the spectral tuning of photoreceptors in Drosophila. In addition to a previously described pathway comparing wavelengths at each point in space, we find a horizontal-cell-mediated pathway similar to that found in mammals.
alone, or in pR8 and a second indicated photoreceptor type. Ns= 63(7), 80(9), 69(7), and 63 (7), respectively. ium) alone are therefore not sufficient to explain the spectral tuning properties we measure.
(between R7s and R8s from neighboring ommatidia) and/or inputs from R1-6 contribute to the spectral tuning of R7 and R8 outputs. We employed genetic methods to determine the 171 contribution of specific photoreceptor types to the spectral tuning of R7 and R8 outputs. We 172 took advantage of norpa-mutants and selectively rescued NorpA in pairwise combinations of 173 photoreceptor types. We made all possible dual combinations of photoreceptor type rescues, 174 while imaging p/y R7/R8 outputs (Figure 3 and Figure S2 ).
175
First, we imaged pR7 in flies in which pR7 function was restored in combination with one 176 other photoreceptor subtype. The tuning curve of pR7 in flies when phototransduction is 177 rescued in both pR7 and pR8 is similar to that of wild type pR7 in that there is activation in 178 the UV range (320-400 nm) and inhibition in the blue range (420-460 nm) ( Figure 3B ). This 179 is consistent with intra-ommatidial inhibition from pR8, as the rhabdomeric responses of pR8 180 show blue sensitivity ( Figure 2D ). However, inhibition is lost in the long wavelengths (>540 181 nm). In contrast, in a pR7/yR8 rescue, the tuning curve for pR7 displays clear inhibitory 182 responses at all wavelengths above 420 nm ( Figure 3D) , showing that yR8 contributes to 183 blue/green inhibition in pR7 through inter-ommatidial interactions. In a pR7/yR7 rescue, 184 pR7s are inhibited in the UV/blue range (400-450 nm) ( Figure 3C ), showing that yR7s 185 contribute to pR7 responses. These results demonstrate that, in addition to intra-ommatidial 186 interactions from pR8, inter-ommatidial interaction from both yR8 and yR7s contribute to 187 opponent responses measured in pR7.
188
We performed the same set of experiments while imaging pR8 terminals. In a pR8/pR7 189 rescue, the tuning curve of pR8 becomes bi-lobed, showing inhibition only in the UV range 190 (<360 nm) and not in the green wavelength range (>540 nm) ( Figure 3F ). Conversely, in 191 a pR8/yR8 rescue, pR8 still shows inhibition to green but not to UV ( Figure 3H ). In a 192 pR8/yR7 rescue, we did not see strictly inhibitory responses under our recording conditions, 193 but we did observe a statistically significant decreased response in pR8 in the UV range (300-194 340 nm) in comparison to the calculated rhabomeric response ( Figure 3G ). occupying distal medulla layers M1-M6 ( Figure 4B ). These cells tile in layers M2-M5 but 229 overlap in M1 and M6 (Nern et al., 2015) . The processes of Dm9 are in close proximity with 230 R7 and R8 axons in these distal layers of the medulla ( Figure S3A-B Given these properties, we hypothesized that Dm9 is the neuron responsible for indi-243 rect antagonistic interactions at the level of R7 and R8 outputs (both intra-and inter-244 ommatidial). To test this hypothesis, we first measured the spectral tuning of Dm9. We unclear, but could be due to L3 (Fisher et al., 2015) .
250
Next, we silenced the activity of Dm9 by expressing the inward-rectifying potassium chan-251 nel Kir2.1 in these neurons specifically (using two different Gal4 lines driving expression in 252 Dm9; Figure S3A -B) , while imaging from pR8 axons. We chose this particular photorecep-253 tor type because it provides the clearest read-out of the effect of intra-or inter-ommatidial 254 interactions. UV inhibition in pR8 is likely a combination of intra-and inter-ommatidial 255 interactions, while long wavelength inhibition is due to inter-ommatidial interactions only. 256 We therefore expected only a partial loss in UV opponency after Dm9 silencing, since direct 257 intra-ommatidial inputs from pR7 should not be affected. Conversely, we expected complete 258 loss of inhibition at the long wavelengths with complete Dm9 silencing, as we have shown 259 that the source of these signals is purely inter-ommatidal. 260 We found that when Dm9 activity is inhibited, the tuning of pR8 is indeed affected 261 ( Figure 4H ; S3C). Inhibition is overall reduced compared to the spectral tuning in wild type 262 flies, and the tuning of pR8 is no longer tri-lobed. These terminals show opponency in 263 the UV range (300-340 nm) compared to the calculated rhabdomeric response. However, opponency is lost in the green wavelength range (>500 nm). This result is consistent with 265 Dm9 mediating inter-ommatidial interactions.
266
In addition to these silencing experiments, we tested the role of Dm9 in this circuit 267 by disrupting feed-forward inhibition from photoreceptor to Dm9 specifically. Schnaitmann Our data shows that inter-ommatidial antagonism, in addition to previously described 283 intra-ommatidial antagonism, shapes the responses of the outputs of R7 and R8 photore- consistent with our previous experiments ( Figure S4 ).
293
A clear consequence of opponency is a narrowing of the tuning of the responses in the 294 medulla compared with their rhabdomeric responses ( Figure 5A, B) . To quantify this, we 295 calculated correlation coefficients between the calculated rhabdomeric responses of R7 and 296 R8 photoreceptors ( Figure 5C ) and between their measured axonal responses ( Figure 5D ).
As expected from the high degree of overlap between the spectral sensitivities of the four opsins expressed in R7 and R8 ( Figure 1D ), there is a high degree of correlation between 299 the calculated rhabdomeric responses. This effect is particularly pronounced for spectrally 300 consecutive opsins such as Rh3 and Rh4 (0.97), Rh4 and Rh5 (0.82), and Rh5 and Rh6 301 (0.79). However, after antagonistic interactions have occurred in the medulla, we find that 302 axonal responses of the different photoreceptor types become decorrelated (yR8 and pR8, 303 yR7 and pR8) and in some cases, anti-correlated (pR7 and both R8s, yR7 and yR8).
304
The responses we measured at the level of photoreceptor outputs vary along two main 305 axes: one that compares UV and visible wavelengths (y/pR7s and yR8), and one that com-306 pares blue with UV + green wavelengths ( Figure 5A, B) . We asked whether these two axes A recurrent model of early color circuits predicts spectrally opponent R7 and 325 R8 outputs 326 We next asked whether the circuit architecture we identified and tested experimentally 327 can quantitatively reproduce the opponent responses we measure in R7 and R8 outputs. across wavelengths using the following equation:
where C p (λ) is the calibration data provided by Ocean Optics (µJ/count), S p (λ) is the 771 sample spectrum (counts), D p (λ) is the dark spectrum (counts), ∆t is the integration time 772 (s), and A is the collection area (cm 2 ).
773
Next, we converted absolute irradiance to photon flux (E q ; in µE/nm):
where h·c λ is the energy of a photon with h as Planck's constant (6.63 · 10 −34 J · s), c as 
791
We wanted to show different single Gaussian wavelengths between 320-620 nm with a 792 standard deviation of 10 nm on top of our background (i.e. add these single wavelengths to 793 our background light) ( Figure 1F ). We also wanted to show these single wavelengths across 794 different intensities. To do this, we built a simple model of opsin photon capture.
795
The absolute photon capture of an opsin (i.e. the number of photons absorbed) given 796 any spectral stimulus at a specific intensity can be calculated as follows (Kelber et al., 2003; 797 Renoult et al., 2017):
where Q i is the absolute photon capture of opsin i, C i is the absolute sensitivity of opsin i, S i 799 is the relative spectral sensitivity of opsin i, and I is the spectrum of light entering the eye.
800
Equation 4 implies that the identity of a photon is lost upon absorption by a photoreceptor 801 (i.e. the principle of univariance). As the scaling factor C i is usually unknown, the relative 802 photon capture can be calculated instead assuming von Kries chromatic adaptation (Kelber 803 and Osorio, 2010; von Kries, 1904; Renoult et al., 2017) :
where q i is the relative photon capture of opsin i, and Q b i is the absolute photon capture of 805 opsin i for the background illuminant.
806
For our six LEDs, we can calculate the normalized relative capture across the fly opsins:
where A is a matrix corresponding to the relative photon capture of each opsin for each 809 LED (opsin × LED), S is a matrix of the relative spectral sensitivities for all opsins across 810 wavelengths (opsin × wavelength), L is a matrix of the normalized LED intensities across wavelengths (wavelength × LED), and p is a vector of the absolute capture for all opsins 812 for the background spectrum. signifies element-wise division.
813
To emulate our desired stimuli using our six LEDs, we first calculate the relative photon 814 capture of each opsin present in the fly eye given the desired stimulus. This gives us a vector 815 q. Given A from equation 6, we find the optimal intensities for each LED to match our 816 desired q as follows:
where x is a vector of corresponding LED intensities to fit, w is a weighting factor for 818 each opsin, and f is a link function (i.e. the identity for the single wavelength dominant 819 backgrounds and the log for the flat background). The weighting factor w was 1 for all opsins 820 in the case of the single wavelength dominant backgrounds, and 1 for all opsins, except 0.1 821 for rh1, in the case of the flat background. The lower (l) bound on x corresponds to the 822 background intensity of each LED, as we desired to add a spectrum on top of the background.
823
The upper (u) bound on x correspond to the maximum intensity each LED can reach. 824 signifies element-wise multiplication. 825 We used a total of three stimulus sets. The accuracy of our fitting procedure is shown in 826 Figure S1G-R. Each individual stimulus (i.e. each simulated wavelength or wavelength mix-827 ture) lasted 0.5 seconds with a 1.5 second period between stimuli. The background intensity 828 values are shown in Table S1 . Our UV-dominant and blue-dominant background was used 829 to test the existence of color opponency in R7s and R8s, respectively. Both stimulus sets 830 had a total of 16 wavelengths that were tested spanning 320 to 620 nm, and each stimulus 831 was repeated three times. In the case of the UV-dominant background, each wavelength was 832 fitted using an intensity that was 5 times bigger than the total background intensity (i.e. a 833 luminant multiple of 5). In the case of the blue-dominant background, the wavelengths were 834 a luminant multiple of 15. In the case of the UV-dominant background, we discarded the sim-835 ulated wavelengths 480, 500, and 520 nm, because the dUV LED is on for these longer fitted 836 simulated wavelengths; the algorithm was trying to fit the relative capture of the broadband 837 rh1 opsin ( Figure S1A, G, M) . In the case of the blue-dominant background, we discarded 838 the wavelengths 360 and 440 nm, because the green and orange LED is on respectively for these shorter fitted simulated wavelengths; the algorithm was trying to fit the relative cap-840 ture of the broadband rh1 opsin ( Figure 1B, H, N) . To avoid this issue during fitting of the 841 flat background stimuli, the error for the rh1 capture is weighted differently (Equation 7) .
842
This is reasonable considering R1-6 photoreceptors do not contribute significantly to R7 and 843 R8 photoreceptor responses ( Figure S2M-Q) .
844
For the flat background our single wavelengths included: 320 nm, 340 nm, 360 nm, 380 845 nm, 400 nm, 420 nm, 440 nm, 460 nm, 500 nm, 530 nm, 570 nm, 620 nm. We tested luminant 846 multiples of 0.2, 1, 4, and 8. We also mixed the wavelengths 340 nm and 440 nm, 380 nm and 847 620 nm, 320 nm and 530 nm, 460 nm and 570 nm, and 400 nm and 570 nm. As predicted 848 rhabdomeric responses correspond to the log of the relative photon capture ( Figure 2B-E) , 849 we mixed wavelengths in the following way to test for linearity:
where q mix is the calculated relative capture for the mixture of wavelengths, p is the pro-851 portion of wavelength wl1, q wl1 is the calculated capture of wavelength wl1, and q wl2 is the 852 calculated capture of wavelength wl2. Using Equation 7, we fit the calculated captures for 853 the mixture of wavelengths, as we did for the single wavelengths. For testing linearity of our 854 responses, we used the mixtures at the luminant multiple of 1, as it provided good fits in 855 our regression (see Figure S1D , J, P, S-W) and large calcium responses (see Figure S4 and 856 Figure S5B -F).
857
For any analysis and modeling work, we used the calculated relative capture after fitting 858 and not the target relative capture, we were aiming to simulate.
859

Quantification of Imaging Data
860
All data analysis for in vivo calcium imaging was performed in Python using custom-861 made Python code and publicly available libraries. To correct our calcium movies for motion 862 we performed rigid translations based on template alignment using the algorithm provided by 863 the CaImAn package (Giovannucci et al., 2019) . As a template for rigid motion correction, 864 we used the average projection of the first ten seconds of every calcium movie during which we did not show any visual stimuli.
Correlation Coefficients and Principal Components
916
To calculate the correlation coefficients of actual and predicted responses and obtain 917 principal components of our spectral sensitivities, we first calculated the covariance matrix 918 (Σ). For the spectral sensitivities, we calculated the covariance using a uniform Fourier 919 frequency power spectrum as in Buchsbaum and Gottschalk (1983) . For our predicted and 920 actual responses, we calculated the covariance as follows:
where Y are the responses of the different cell types across stimuli (stimulus×cell−type).
922
We calculate the correlation coefficient matrix (C), as follows:
In order to decompose the opsin spectral sensitivities, we simply eigendecompose the 924 covariance Σ to obtain eigenvalues and eigenvectors. This is equivalent to principal com- To assess chromatic tuning of our responses, we fit a linear regression model to our data:
where r is the average amplitude response of a neuron type to the various stimuli in 932 the flat background condition, X is the input space (i.e. the log(q) for each stimulus), 933 and β are the associated weights for each input feature. Fitting was performed using 4-934 fold cross-validation. To improve numerical stability during the fitting procedure without 935 biasing the end result, fitting was performed on a "whitened" input space (PCA whitening). goodness of fit for the different inputs, we calculated the 4-fold cross-validated R 2 values for 938 each input space.
939
Linear regressions that include intra-ommatidial R7/R8 opsin pairs together with at 940 least one additional opsin type provide better fits than when exclusively considering intra-941 ommatidial R7/R8 opsin pairs as independent variables (Figure S5K-N) . This is most obvious 942 in the case of pR7 and pR8. These regressions are consistent with findings that both intra-943 and inter-ommatidial interactions shape opponent responses in R7/R8.
944
Circuit Modeling
945
Given the hypothesized circuit architecture, we built a linear recurrent model described 946 by the following equations:
where r is a vector of the responses of the photoreceptor axons, W is the connectivity 948 matrix for the direct inhibitory connections, τ is the time constant, y e is a vector of the 949 synaptic weight from Dm9 back to each photoreceptor, e is the response of Dm9, q is the 950 relative photon capture, y i is the synaptic weights from the photoreceptors to Dm9. All 951 weights are positive, and the inhibitory or excitatory nature of the synapse is indicated by 952 the sign.
953
We can simplify the above equation by setting de dt = 0, dr dt = 0 (i.e. steady-state condition), 954 so that:
where I is the identity matrix. Using Equation 16 , we fit the model to all our flat 956 background data using least-squares and cross-validated our fits 4-fold.
957
The EM synaptic count proportions, we used, are in fixed weights (synaptic count + gain model), we fit the Dm9 gain c and the photoreceptor 961 gains a in the following equation using least squares:
To compare synaptic gains to randomly drawn weights, we used the same Equation 17, 963 and pulled random weights from a uniform distribution ranging from 0 to 1. Before fitting, 964 the weights were normalized the same way the EM weights were normalized. We sampled a 965 total of 10000 random weights to build a distribution of the cross-validated R 2 values. 966 We used our synaptic count + gain model fits for our prediction of the spectral filtering 967 curve and center-surround receptive field. The spectral filtering curve is the predicted re-968 sponse to individual narrow single wavelengths (instead of broader single wavelengths which 969 we were able to test). The center-surround receptive field was normalized to each peak 970 response. The center corresponds to the predicted response, when removing the Dm9 in-971 terneuron (center = (I + W) · (a r)). The surround corresponds to the response to the 972 input of each photoreceptor receives from Dm9 (surround = c · y e y i T · (a r)). using the R21A12-Gal4 line (N= 158 ROIs (5 flies)).Dashed black lines represent log(q) and black lines represent the wildt type response. The shaded region represent the 95% confidence interval for the given spectral tuning curve. D. pR8 max-normalized spectral tuning curve in a hiscl-, ort-mutant (N= 153 (10)). 
